Abstract Cropping systems require careful nitrogen (N) management to increase the sustainability of agricultural production. One important route towards enhanced sustainability is to increase nitrogen use efficiency. Improving nitrogen use efficiency encompasses increasing N uptake, N utilization efficiency, and N harvest index, each involving many crop physiological mechanisms and agronomic traits. Here, we review recent developments in cultural practices, cultivar choice, and breeding regarding nitrogen use efficiency. We add a comparative analysis of our own research on designing breeding strategies for nitrogen use efficiency in leafy and non-leafy vegetables, literature on breeding for nitrogen use efficiency in other vegetables (cabbage, cauliflower), and literature on breeding for nitrogen use efficiency in grain crops. We highlight traits that are generic across species, demonstrate how traits contributing to nitrogen use efficiency differ among crops, and show how cultural practice affects the relevance of these traits. Our review indicates that crops harvested in their early or late vegetative phase or reproductive phase differ in traits relevant to improve nitrogen use efficiency. Headforming crops (lettuce, cabbage) depend on the prolonged photosynthesis of outer leaves to provide the carbon sources for continued N supply and growth of the photosynthetically less active, younger inner leaves. Grain crops largely depend on prolonged N availability for uptake and on availability of N in stover for remobilization to the grains. Improving root performance is relevant for all crop types, but especially shortcycle vegetable crops benefit from early below-ground vigor. We conclude that there is sufficient genetic variation available among modern cultivars to further improve nitrogen use efficiency but that it requires integration of agronomy, crop physiology, and efficient selection strategies to make rapid progress in breeding. We also conclude that discriminative traits related to nitrogen use efficiency better express themselves under low input than under high input. However, testing under both low and high input can yield cultivars that are adapted to low-input conditions but also respond to high-input conditions. The benefits of increased nitrogen use efficiency through breeding are potentially large but realizing these benefits is challenged by the huge genotype-byenvironment interaction and the complex behavior of nitrogen in the cropping system.
Introduction
Crops require large quantities of nitrogen (N) to achieve high yields. This is illustrated in Fig. 1 in which the left panel shows a white cabbage crop with a low nitrogen supply and the right panel shows a cabbage crop of the same age grown under abundant N fertilization. Note the difference in leaf color and in green leaf area. Artificial N fertilization has increased food production significantly (Robertson and Vitousek 2009) . Availability of N needs to be adjusted to the temporally dynamic need of the crop, but N also needs to be available in the space where crop roots can take it up and conditions are conducive for root activity and nutrient uptake. To some extent, this can be achieved by optimizing soil-plant interactions by avoiding soil compaction and allowing deep rooting to optimally explore large soil volumes for nutrient uptake. However, these interactions are complex, are affected by long-term soil processes, demonstrate a strong influence of weather conditions, and have a high degree of uncertainty (Tilman et al. 2002; Goulding et al. 2008) . Sustainable cropping systems require careful N management as N is usually very mobile. Inappropriate application (wrong quantity, timing, or positioning), alone or in combination with other forms of suboptimal agronomic practice (such as improper irrigation or poor disease control), can enhance risks of losses through immobilization, surface runoff, leaching through the soil profile, denitrification, or volatilization. Often, this may result in pollution of the environment (Erisman et al. 2008) . Moreover, the production of mineral N fertilizer is very demanding in terms of fossil energy (Robertson and Vitousek 2009) .
When considering improving N management, various sources of N for uptake by plants are to be taken into account: atmospheric deposition of nitrogenous compounds, soil N, atmospheric N 2 fixed by N-fixing bacteria or algae, N mineralized from soil organic matter, nutrients (N) through symbiosis of crop roots with beneficial soil micro-organisms, mineral N and N from organic inputs (such as animal manure, green manure), foliar nutrient application, nutrients in irrigation water (fertigation), etc. (Goulding et al. 2008) .
Improving the efficiency of the use of nitrogen (NUE) is challenging. Seminal papers from 25 to 35 years ago demonstrated the increase in scientific insight in the agronomy of (De Wit 1992) and breeding for (Moll et al. 1982; Sattelmacher et al. 1994 ) NUE, but these have not prompted major efforts to breed for NUE as N was a relatively abundant and cheap resource. Where increases in NUE have been realized, such as in maize, this occurred through serendipity, associated with ); right panel: high nitrogen availability (300 kg N ha specific physiological mechanisms such as density tolerance in maize or increasing grain volume but with an associated decline in N grain concentration (Ciampitti and Vyn 2012) . Nowadays, NUE is receiving increasingly more attention from both agronomy and breeding research as there is a greater sense of urgency for environmental care (Spiertz 2010; Swain et al. 2014; Han et al. 2015) and fertilizers are likely to become more expensive (Robertson and Vitousek 2009) . However, breeding for NUE has not yet been incorporated to a large extent in practical breeding programs of many crops, because NUE is not only a complex trait but also one that is largely influenced by soil conditions that are difficult to measure or control.
Nitrogen use efficiency (NUE) comprises three key components: the nitrogen uptake efficiency (NUpE), the nitrogen utilization efficiency (NUtE) in producing biomass, and the nitrogen harvest index (NHI) (Masclaux-Daubresse et al. 2010; Ciampitti and Vyn 2013) . NUtE and NHI can be merged into one component: the utilization efficiency for harvestable products. Breeders can contribute to optimizing NUE of farming systems by producing cultivars with a high agronomic nitrogen use efficiency (AgNUE), i.e., cultivars that produce a large quantity of harvestable biomass per unit N supplied through fertilizer. For each component, many underlying physiological mechanisms and (combinations of) traits are relevant. These may include diverse and complex traits such as root architecture, the N uptake per unit of root length, leaf senescence and (re)mobilization of N in the plant, and (N) harvest index (Malagoli et al. 2005; Barraclough et al. 2010; Gewin 2010 ). In the section below, we elaborate the conceptual framework of nitrogen use efficiency and provide the most important agronomic and physiological definitions related to this conceptual framework.
Conceptual framework and definitions
An elegant way to illustrate the various types of responses to nitrogen fertilizer is the so-called three-quadrant figure, which became popular in the scientific literature in the 1970s and 1980s. We use examples of wheat by Spiertz (1980) (as published by De Wit 1992) and of potato by Vos (2009) . For examples of a diversity of other crops and conditions, please see Penning de Vries and van Keulen (1982) , Van Keulen (1982 ), Baan Hofman (1988 , Caihong and Chenliu (1989) , De Wit (1992) , and Hartemink et al. (2000) . Note that the approach can also be used for other nutrients or for combinations of nutrients.
The three-quadrant diagram (see Figs. 2 and 3) is a useful tool to analyze the reasons why the response to nitrogen application (and therefore also the nitrogen use efficiency) varies among years, sites, cultivars, and crop management practices. The lower left quadrant is empty as both its axes are the same (the amount of nitrogen applied). The upper left panel (Quadrant I) illustrates the agronomic response, i.e., the increase in yield with an increase in the amount of nitrogen supplied. This agronomic response is the resultant from two other responses: the response of the total amount of nitrogen taken up by the crop at maturity to nitrogen application (as illustrated in the lower right panel (Quadrant III)) and the response of the final yield to total nitrogen uptake at maturity Spiertz (1980) and De Wit (1992) Fig. 3 Three-quadrant diagram of an experiment with different levels of artificial nitrogen fertilizer in potato carried out in two years. Different symbols reflect data from two different growing seasons. Based on Vos (2009) (as illustrated in the upper right panel (Quadrant II)). In fact, the slopes of the curves in Quadrant III reflect the change in nitrogen uptake efficiency with a change in nitrogen supply and the slopes of the curves in Quadrant II reflect the change in nitrogen utilization efficiency (the efficiency with which nitrogen taken up by the crop is converted into harvestable dry or fresh matter) with a change in total amount of nitrogen taken up at maturity. Quadrant III underlines the plant-soil interactions that cause variation in agronomic efficiency; the intercept in this quadrant is variable and associated with the amount of soil mineral nitrogen present before nitrogen application, the nitrogen mineralization during the growing season and the amount of nitrogen that becomes available from other sources, such as biological nitrogen fixation, atmospheric deposition, and runoff (Vos 2009) . Quadrant II provides the crop physiological reasons for variation in agronomic nitrogen efficiency.
In the wheat example from Spiertz (1980) , the agronomic efficiency of the nitrogen supplied (Quadrant I) in terms of grain yield is higher when diseases are controlled, especially at high N rate when the disease can be severe when not controlled (Fig. 2) . Quadrant III shows that disease control resulted in more nitrogen taken up at the same nitrogen level compared with the situation without disease control. The difference in nitrogen uptake between with and without disease control increases with an increase in nitrogen supply, but even the intercept differs suggesting better uptake of nitrogen of other sources than the fertilizer supplied, such as nitrogen mineralized during the growing season, probably associated with higher longevity and activity of the canopy and thus the root system. Moreover, the crop can benefit better from the nitrogen taken up when also the nitrogen utilization efficiency is higher (Quadrant II) due to increased stay-green index and therefore better balance between sink and source (Sinclair and De Wit 1975; Van Keulen and Seligman 1987) .
The potato example (Fig. 3) illustrates that the agronomic response can vary between years, even when the relationship between fresh tuber yield and nitrogen uptake is very similar. Quadrant I shows that the yields differ between the two years, but especially so in the lower ranges of nitrogen application. Quadrant III illustrates that these lower yields at low application rate are associated with lower uptake of nitrogen: apparently, there is less nitrogen available from other sources than the artificial fertilizer. The efficiency with which nitrogen taken up is converted into fresh tubers is similar, but the curve for the year with the lower uptake has moved to the left in Quadrant II compared to the curve for the year with the higher uptake.
Cereals, oilseed rape, leafy vegetables, and potato may differ in the patterns shown in these three-quadrant figures. It is likely that those differences are associated with differences in planting patterns and in root density, early in the growing season (see, e.g., Greenwood and Draycott 1988) . Based on the concepts described by the three-quadrant figures, we can define the following aspects and component traits of NUE: & Biomass production per unit nitrogen available (Craswell and Godwin 1984) , i.e., the agronomic nitrogen use efficiency based on total biomass; & Harvestable biomass production (yield) per unit nitrogen supplied (Moll et al. 1982) , often called agronomic nitrogen use efficiency (AgNUE) (Quadrant I); & Nitrogen taken up per unit of nitrogen available in the soil, also called nitrogen uptake efficiency (NUpE) (Quadrant III); & Biomass production per unit nitrogen taken up from the soil through absorption/acquisition and converted (utilized) through assimilation and remobilization (Moll et al. 1982) , also called nitrogen utilization efficiency (NUtE) (Quadrant II); & The ratio of harvested N to total crop N, defined as the nitrogen harvest index (NHI); & Nitrogen conversion efficiency for harvestable products, i.e., a combination of nitrogen utilization efficiency and nitrogen harvest index.
The most commonly used concepts are agronomic nitrogen use efficiency based on yield, nitrogen uptake efficiency, nitrogen utilization efficiency, and nitrogen harvest index.
Objectives of the review
To date much research on developing breeding strategies to improve NUE focuses on main crops including cereals, such as wheat and maize (e.g., Le Gouis et al. 2000; Dawson et al. 2011; Han et al. 2015) and oilseed crops such as canola and oilseed rape (e.g., Balint and Rengel 2008; Berry et al. 2010; Kessel et al. 2012) . NUE of leafy vegetables such as spinach (Chan-Navarrete et al. 2014 , lettuce (Kerbiriou et al. 2014 ), or cabbage (Schulte auf'm Erley et al. 2010 ) and NUE of non-leafy vegetable crops such as potato (Ospina et al. 2014 ) receive less attention.
In this review paper we will focus on the following questions:
1. Do physiological differences among crop species with respect to crop duration, (re)allocation processes of dry matter and N to harvestable products (leaves, heads, tubers, or grains), and growth types (maturity types) lead to different traits contributing to NUE? 2. Do crop traits for NUE differ for different management strategies? 3. Do crop species differ in their genetic variability and perspectives to improve NUE and related traits? 4. To what extent can knowledge on improving NUE of one crop species easily be translated to another crop species?
To answer these questions, we describe recent developments in the agronomy of NUE and the role of cultivar choice and breeding in N management. We add our own research results for developing breeding strategies for NUE improvement in leafy vegetables (spinach (Spinacia oleracea L.) and lettuce (Lactuca sativa L.)) and a non-leafy vegetable (potato (Solanum tuberosum L.)) to compare such results with literature on breeding for NUE in cabbage (Brassica oleracea var. capitata L.) and grain crops (maize (Zea mays L.), oilseed rape (Brassica napus L.), and wheat (Triticum aestivum L.)).
Recent developments in the agronomy of nitrogen use efficiency
Agronomists can improve NUE both at an individual crop level and at a cropping system level. At the crop level, the aim is to improve N management through various complementary fertilization strategies and soil management regimes such as precision fertilization through split fertilizer strategies (Van Alphen and Stoorvogel 2000; Hirel et al. 2011) or fertilizer placement strategies (Burns et al. 2010) . Modeling the N demand during crop growth is one of the tools to support precision fertilization to adjust application timing and placing of N based on measurements of plant material (such as petiole tests), measurements of soil conditions (available N), or both (Sibley et al. 2009 (Sibley et al. , 2010 Schröder 2014) , together with predictions of future gain in dry matter (De Koeijer et al. 1999 ).
At the cropping system level, the search is to design an optimal soil, crop (residue), and nutrient management system at the level of the entire rotation so that N is kept in the system and used and reused by various successive crops. Such strategies can include no-till systems, continuous cover cropping cultures, and preserving crop residues and soil organic matter, aiming at reducing excessive external input of N, while maintaining an acceptable yield and sufficient profit margin for the farmers (e.g., Craswell and Lefroy 2001; Mirsky et al. 2012) . Especially legumes can play an important role as cover crops as they are able to fix free atmospheric N 2 and can thus lower the need for external N input in the growing system (ThorupKristensen 2006a) . Recently, there is increasing attention for microbial ecology in the rhizosphere facilitating nutrient and water uptake (Philippot et al. 2013 ) and the role of belowground traits of crops such as root architecture and symbiosis with soil micro-organisms such as N-fixing bacteria and mycorrhizas that support N uptake (Harrier 2001; Galván et al. 2011; Gewin 2010) . To optimize crop rotation, knowledge on different rooting patterns of crops is crucial to alternate shallow-rooting crops (e.g., lettuce and onion that have most roots in the topsoil layer to a maximum of 0.4-0.6 m) with deep-rooting crops (such as cabbage or wheat with a root depth up to 1.5-2.0 m depth) that can catch the leftover N that has leached to deep layers during cultivation of the shallowrooting crops, depending on water movement through the soil profile during winter months and depth of groundwater (De Melo 2003; Thorup-Kristensen 2006a, b; Thorup-Kristensen et al. 2009; Hirel et al. 2011; Kerbiriou et al. 2016) .
Such agronomic approaches to improve the NUE remain challenging as they require coping with variable and unpredictable environmental conditions (Tremblay and Bélec 2006) and are subject to strong genotype × environment interactions. Therefore, in the next sections, we will explore to what extent cultivars can play a role in supporting NUE in cropping systems.
Role of cultivar choice in nitrogen management
Cultivar choice is an important agronomic tool. Cultivars not only need to be adapted to such agronomic strategies supporting sustainable N management but also must allow such strategies to work optimally. This requires a knowledge-intensive and integrated approach. Neeteson and Wadman (1987) argued to focus on the economic optimum of nitrogen supply, i.e., the supply beyond which additional supply of nitrogen would cause an increase in production costs larger than the economic gain by additional yield. De Wit (1992) argued that the negative impact on the environment of intensive agriculture is associated with the law of diminishing returns meaning that the relationship between the amount of N supplied and the yield obtained is not linear but levels off (see also Figs. 2 and 3). However, this leveling off depends on the efficiency of the other resources at stake: farmers supply nitrogen up to a level at which also other resources are used optimally. De Wit indicated that no resource is used less efficiently and most resources are used more efficiently by a balanced increase in overall input. De Wit therefore called for search for the minimum of each production resource that is needed to allow maximum utilization of all other resources. This efficiency paradigm has large consequences for the general approach towards resource use efficiency: & Under conditions with no N limitations (e.g., cheap N), one would ask "how much N is needed to maximize economic crop yield for each genotype or to obtain maximum efficiency of other resources?", whereas & Under limited N (e.g., low-input, organic agriculture), the question would rather be "which genotype can cope with low(er) N while maintaining a reasonably good yield and thus do more with less" (Good et al. 2004 ), i.e., reach maximum efficiency of the resource under consideration. Below, we review different crop types (leafy vegetables, non-leafy vegetables, and grain-producing crops) and their traits involved in NUE to provide general answers to these questions.
Crop duration in relation to nitrogen demand
Crop species differ to a large extent in growth duration from sowing to harvest, ranging from, e.g., 21 days for baby leaf spinach to 270 days for winter wheat; but to what extent does that relate to N demand? Within crop species, such as potato, late-maturing cultivars have a longer crop growth and a longer period to invest in an extensive root system to take up more nitrogen to produce more biomass (Iwama 2008) . However, between various crop species, shorter growth duration does not always seem to relate to a lower N demand: even shortcycle crops, such as spinach, may need high levels of N input to produce good yields in a short period of time; see Table 1 . In this table, we give an overview of different N management aspects of selected crop species with respect to crop growth cycle duration, average root depth, recommended N fertilization, average yield, and harvested N.
Between grain crops such as spring and winter wheat, there are large differences in crop duration (varying from 170 to 270 days, respectively); winter wheat produces more biomass and grain yield than spring wheat and N demand for spring wheat is lower than that for winter wheat (Table 1) . Winter wheat also has more time to develop an extensive root system and this deeper rooting ability (1.6-2.0 m) compared with spring wheat (approx. 1 m), and therefore, capacity of winter wheat to better catch soil N that has leached to deeper layers leads to a higher NUE for winter wheat than that for spring wheat (Thorup- Kristensen et al. 2009 ).
With some cereal crops, there is a self-enforcing effect: extra N leads to more tillering and thus a greater demand for N. But in a potato crop, extra N can also lead to more luxurious vegetative growth and delay of onset of tuber formation, and thus a larger N demand. The question of how more N availability will affect NUE will be addressed later in this paper.
As N demands differ among maturity types within a crop species but not always consistently among species, such as between leafy vegetables and seed-producing crops, we will explore more in depth the relationship between crop development, N uptake, and N utilization. 7 Crop development in relation to N uptake and utilization: a crop physiological framework As summarized in general and for various crop species more specifically in Fig. 4 , N is the main driver of plant growth and development and increases number of leaves and increases individual leaf area and total leaf area, number and length of internodes, and consequently plant height. N can also act as a growth regulator, for example split dressing of N can influence the number of grains/culm in cereals and the timing of the onset of tuber formation of potato or the number of branches (and therefore siliques) in oilseed rape. During early Table 1 Overview of some basic characteristics of production of leafy (spinach, lettuce, cabbage) and non-leafy (potato) vegetables and grain crops (wheat, maize, oilseed rape) with respect to nitrogen (N) management. In addition to the indicated references also the following sites have been used as sources of information: CDFA (2017) Fig. 4 Relevant growth patterns, important characteristics, and plant processes influenced by nitrogen supply, and critical factors contributing to nitrogen use efficiency in different crop types development, nitrogen is provided through uptake through roots and root development is dependent on assimilates transported from the lower leaves to the roots. When vegetative growth expands, N is often reallocated from older senescing leaves to the younger leaves. Also, for the reproductive organs (seeds), N is essential and is provided by either i) Reallocation from senescing older leaves to the younger leaves and eventually to the reproductive organs or ii)
Direct transport from the roots.
Root development is usually slowed down towards the end of the reproductive development. To facilitate continuous nutrient absorption, vegetative parts must remain photosynthetically active, which usually occurs in the younger leaves.
Nitrogen availability not only affects shoot growth but also C and N partitioning between roots and shoots. Root biomass and root depth at harvest vary between crop species; see Table 1 . Robinson (1994) discusses that, in general, increased N supply decreases the root/shoot ratio but that the extent of the response differs between species and genotypes. Under low N supply, N uptake of a crop depends on soil mineral N availability and distribution, and root distribution over the soil profile, whereas under optimal or high N availability, N uptake depends more on the growth rate via N utilization processes (Gastal and Lemaire 2002) .
Short-cycle, leafy vegetables such as lettuce and spinach produce biomass in a short time; they show high leaf appearance rate and leaf growth rate (Biemond 1995) . They form a leaf rosette in their vegetative phase and are harvested before their reproductive state, and therefore, their phenology is often less complex. With such vegetables, the productive apparatus is also the targeted harvest product, so most N is required for leaf appearance, leaf expansion, and stay green. With leafy vegetables, it is not only the biomass production as such that is important. Producing high-quality and healthy produce (e.g., spinach requirements for dark leaves which demand a high N input) is equally relevant and that requires high N input as well. The total size of the leaf area per plant is important for the final yield and is determined by the rate and duration of leaf appearance and the rate and duration of expansion of individual leaves (Biemond 1995) . The rate of leaf expansion and the area of the individual leaves increase with leaf rank up to a certain maximum before decreasing again. Both traits are influenced by N supply: more N leads to more rapid increase of leaf area. N also increases the specific leaf area (Biemond 1995) which is a measure for leaf thickness defined as the ratio of leaf area to leaf mass expressed in square centimeters per gram. Normally, the specific leaf area of an individual leaf does not change much during the life span of a leaf but the specific leaf area of the entire plant gradually decreases during vegetative growth as a result of the lower specific leaf area values for successive leaves (Biemond 1995) . A higher specific leaf area means more light interception per unit dry matter invested in leaf production. Evans and Poorter (2001) found that increasing the specific leaf area was of greater importance for maximizing carbon gain per unit leaf mass than reallocating nitrogen between leaf pools.
The short crop duration of lettuce and spinach, especially fresh market baby leaf spinach with its high density of sowing (8.6-9.9 million seeds ha −1 ), only allows a short time for root development (resulting in shallow root depth, approximately 20-50 cm, see Table 1 ) (Chan-Navarrete et al. 2014; Kerbiriou et al. 2013a ). Schenk et al. (1991) found that 80% of the total root length of spinach was in the upper 15 cm. Biemond (1995) concluded from his experiments with spinach that for optimal growth and good green color, sufficient N must be present at the start of the crop growth because N shortage immediately results in smaller leaves. Split dressing is therefore not recommended. The whole spinach plant is harvested before flowering is initiated and before leaves start to senesce.
With lettuce, 70-80% of the N required is taken up between heading and harvest time (Bottoms et al. 2012) . For lettuce, wrapper leaves and non-marketable heads may contain 10-40% of the above-ground N in the entire crop (Thompson and Doerge 1996; Hartz et al. 2000) .
Cabbage is physiologically a special leafy crop as the younger leaves inside the head are not photosynthetically active. The outer leaves should remain active until harvest to stimulate N uptake. Also, the redistribution from older outer leaves to the young inner leaves forming the head is of importance (Schulte auf'm Erley et al. 2010). The head formation and thus the uptake and use of N in cabbage is more towards the second half of crop growth in a period during which one does not expect much increase in dry matter, due to unfavorable temperature and light conditions. Total dry matter production and head yields as well as plant N contents are strongly influenced by the level of N supply; number of leaves and harvest index were not found to be affected by N rate (Schulte auf 'm Erley et al. 2010) . Late types have a longer growing period and yield more than early and mid-early genotypes.
Cabbage roots very deep (up to 2 m for white cabbage) and is capable of depleting the soil at harvest to a large extent (Everaarts 1993 Rather et al. 2000) . In an experiment with two cauliflower cultivars, two sites, and N levels, it was found that an increase in N supply led to increased root branching in the upper soil layers and decreased root branching in the subsoil layers (Thorup-Kristensen and Van den Boogaard 1998).
Root and tuber crops, such as potato, have an intermediate position: vegetative growth and tuber growth partly overlap, although the dry matter and nutrient partitioning shifts gradually towards the tubers and some reallocation of nutrients from the haulm to the tubers does occur (Vos 1997) . Vos (1999) estimated that 20 to 40% of the dry matter yield of potato is realized by reallocating nitrogen. In a well-fertilized potato crop, about 20-30% of the total N is found in the vine. Under excessive fertilizer application, over half of the total N may be in the vine, and under deficient fertilization, it can be as low as 10% (Lauer 1985; Wilson et al. 2012) . N affects both canopy (e.g., leaf appearance rate, leaf area index, branching) and tuber (e.g., dry matter yield, tuber size, and weight distributions) characteristics, but also N content and N uptake, although not tuber dry matter percentage (Vos 2009; Ospina et al. 2014) . Vos (2009) stated that the potato plant has a specific response to nitrogen supply: it partitions its nitrogen supply in such a way that the productivity per unit of leaf area is much conserved. This also applies to the N concentration in the leaves and its change over the life span of the canopy. Variation in nitrogen supply mainly results in variation in total leaf area by adjustments in branching (i.e., leaf number) and individual leaf size. This strategy differs from the one found in other crop plants such as maize. Maize shows relatively little change in leaf area per plant with a change in nitrogen supply but the nitrogen concentration in the leaves strongly responds to nitrogen supply. Apparently, some crop plants prefer to dilute the available nitrogen while maintaining as much as possible the leaf area, thus maximizing light interception, whereas others reduce the leaf area without diluting the nitrogen, thus maximizing photosynthetic capacity per unit of leaf area.
With respect to uptake of N in potato, shoot biomass and tuber yield showed a positive correlation with root mass (Iwama 2008 ) and more specifically with total root surface and root length (Sattelmacher et al. 1990 ). Potato is not a deep-rooting crop compared to other field crops: on average, root depth is 60 cm although most roots are in the upper 30 cm (Iwama 2008) .
Grain and seed crops (e.g., canola/oilseed rape, maize, rice, wheat) go through a transition from the vegetative to the reproductive stage to deliver the harvestable product. For wheat development, the timing of N availability is very important as it affects the number of tillers, number of ears per tiller, number of grains per ear, thousand grain weight, and N concentration in the grains (Darwinkel 1978; Osman et al. 2012) . Although winter wheat can root deep (up to 2.0 m, see Table 1 ), the nutrients that accumulate in the grains need to be taken up during a crop stage when the nutrient uptake of the root system has already decreased (Spiertz and Ellen 1978) . Kichey et al. (2007) estimated that N uptake after anthesis can range from 5 to 50% of grain N. Another strategy of the wheat plant to accumulate nutrients in the grain is the reallocation (remobilization) from vegetative plant parts (stem and leaves) where they have been sequestered before flowering, resulting in the senescence of those vegetative plant parts (Sinclair and De Wit 1975) . Part of these sequestered nutrients cannot be reallocated as they have been incorporated in cell wall material that cannot be broken down by the plant itself. At maturity, for most grain crops, a large percentage (approx. 50% for maize up to 75% for wheat) of the total above-ground N is in the grains (Linquist et al. 1992; Kramer et al. 2002) .
Maize differs from wheat crops as it is a monoecious plant with separate male (staminate) flowers on the tassel at the end of the main stem and female (pistillate) flowers on the ear at the end of a branch halfway up the main stem, but on the same plant. The rate of uptake of nitrogen by maize is low during early development and increases at tasseling. Although only relatively small amounts of fertilizers are required during the very early stages of plant growth, high concentration of nutrients in the root zone at that time is beneficial in promoting early growth (Ritchie et al. 1993) . N fertilization increases the number of leaves per plant, the leaf area and stem diameter, plant height, and total above soil fresh and dry weight (Ciampitti and Vyn 2011) . The N remobilization process starts from stem and older, lower leaves to sustain the leaf %N of the upper layers, especially around the ear leaf, but is also affected by other factors such as water and light stress. The ears have very high concentrations of nitrogen during their initiation but that nitrogen is diluted rapidly by starch accumulation during grain filling, although the total amount of nitrogen in the ears is increasing rapidly (Ciampitti and Vyn 2013) . These authors concluded that grain N is the result of the interplay between the following aspects: (1) shoot N remobilized at reproductive stage and whole-plant N uptake at reproductive stage, (2) the ratio between the nitrogen in the grains and the nitrogen in the whole plant (NHI), and (3) grain yield and %grain N.
Oilseed rape differs physiologically from wheat as in the vegetative phase, N directly affects the branching and thus the number of seeds of oilseed rape (Labra et al. 2017) . Besides, oilseed rape has more options to compensate N stress during reproductive stage, e.g., by branching and varying the number of siliques per branch or the number of seeds per silique (Berry et al. 2010; Diepenbrock 2000) . Another difference is that during seed filling, there is no leaf photosynthesis as oilseed rape drops all of its leaves between flowering and maturity whereas wheat can profit from a long stay-green phase of the flag leaf for continuous leaf photosynthesis and supply of N to build up the proteins and starch (Kessel et al. 2012) . However, in the case of oilseed rape, the photosynthesis of the siliques contributes substantially to grain filling (Diepenbrock 2000) , especially for the siliques in the top of the canopy (authors' observation). This is also true for wheat through ear photosynthesis (Maydup et al. 2010; SanchezBragado et al. 2016) or photosynthesis by the awns (Sanchez-Bragado et al. 2016) . Labra et al. (2017) demonstrated that nitrogen plays a crucial role in the branching behavior of oilseed rape and in number of siliques and number of seeds per silique. But, the seed size or oil content in the seed was not affected significantly. Not only photosynthesis of siliques but also that of stems plays an important role in providing the assimilates necessary for seed filling (Diepenbrock 2000; Labra et al. 2017) . However, this cannot last long as the organic nitrogen necessary for seed formation also must come from translocation from these organs (Schjoerring et al. 1995) .
In the next section we will discuss the extent to which such morphological and physiological differences in N uptake and utilization processes among the discussed crop species will lead to different traits related to NUE.
8 Crop-specific traits related to nitrogen use efficiency: a breeding perspective for different crops
To improve the NUE of cultivars, the above-described cropspecific differences in N uptake and utilization strategies need to be taken into account. Below, we will discuss which traits are found to contribute to NUE in the different crop species: spinach, lettuce, cabbage, potato, wheat, maize, and oilseed rape.
Spinach
Chan-Navarrete et al. (2014) analyzed the traits related to NUE under optimal and low N in controlled conditions (hydroponic system in greenhouse) and analyzed root dry weight and shoot dry weight, root/shoot ratio, leaf area, specific leaf area, chlorophyll content, and shoot N content. Path analysis revealed that the variables leaf area, root dry weight, chlorophyll content, and specific leaf area explained the variation in NUE between 22 commercial cultivars under low and high N to a large extent, and that under both conditions, leaf area had the highest direct effect on NUE, while at the low N regime, the direct effect of specific leaf area also was important. Biemond (1995) found in his experiment with one spinach cultivar that the rate of leaf appearance was hardly affected by N differences, whereas ChanNavarrete et al. (2014) found significant genetic variation among 22 cultivars. The latter also showed that slow and fast growing genotypes differed in their strategy of utilizing N. The fast growers in general were more responsive to high N conditions and had a higher NUE than slow growers under high N, but fast growers lacked the capacity to increase NUE under N limitation. The fast growing cultivars did not utilize the available N as efficiently as the slow growers. The ability of slow growers to increase NUE under low N could be an interesting trait for improving spinach cultivars for production under low N supply. Chan-Navarrete et al. (2014) found that selection for NUE under high N misses good performers under low N.
In Chan-Navarrete et al. (2016) , the genetic base for NUE in spinach was analyzed for NUE (g shoot dry weight g −1 N) and NUE-related traits using a mapping population (a random set of F2:3 families) grown in a greenhouse under low and high N conditions in a hydroponics system using an Ingestad N-addition model to acquire a steady state N nutrition level (Chan-Navarrete et al. 2014) . Interval mapping analysis detected 19 quantitative trait loci (QTLs) under high N and 20 QTLs for NUE-related traits under low N. Some QTLs were found under both N levels and some were specific for one of the two N levels. One QTL controlling NUE was found at linkage group P01 at low N conditions and explained 17.0% of the phenotypic variation. This QTL co-localized with multiple QTLs for shoot dry weight, leaf area, shoot fresh weight, chlorophyll content, flowering, leaf number, and stem length. At high N conditions, no QTL for NUE was detected (ChanNavarrete et al. 2016) . When the relationships between NUE and 12 NUE-related traits were analyzed separately for low and high N based on genotype means, the correlation between N treatments for NUE was moderate, reflecting a significant genotype × N interaction. At both N treatments, NUE was highly correlated with shoot fresh weight, shoot dry weight, leaf area, and root dry weight. There was a moderate negative correlation between NUE and the physiological traits specific leaf area and root/shoot ratio. Chlorophyll content at 28 days showed no significant correlation to NUE at low N, but was significantly correlated with NUE under high N as well as with shoot fresh and dry weight, root dry weight, and leaf area (Chan-Navarrete et al. 2016).
It should be noted that these QTLs were found under highly controlled conditions and the relevance of these QTLs under field conditions needs to be tested.
Lettuce
A short-cycle crop such as lettuce needs to be able to capture and exploit the available N as efficiently as possible, in a short period, and at an early stage. For such crops, there is a need to breed for early vigor and early root development (Andresen et al. 2016) . Most genetic studies on uptake efficiency in lettuce have included wild lettuce types which differ to a large extent from the cultivated lettuce with respect to above-and below-ground traits; e.g., sown wild lettuce has a long taproot while transplanted lettuce has a small root system (Johnson et al. 2000; Hartman et al. 2014) . When N stress occurs in a transplanted lettuce crop in the upper soil layer (0-20 cm), roots can elongate and increase root length density at deeper soil layers to capture more N (Kerbiriou et al. 2013a ). Kerbiriou et al. (2013b) showed that lettuce cultivars with higher root weight and rooting depth resulted in higher yields. However, one of the tested cultivars had the highest physiological use efficiency (g dry matter produced per g N accumulated in the head) and gave the most stable yield across trials despite a relatively small root system. This demonstrates the complexity of nitrogen use efficiency even in relatively simple crop stands. Kerbiriou et al. (2016) studied the genetic control of resource capture and resource use efficiency of commercial (transplanted) lettuce cultivars based on several field trials by association mapping (Kerbiriou et al. 2016 ). Significant genetic variation was found for fresh and dry weight yields, and plant H 2 O (i.e., the amount of water accumulated in the above-ground plant) and plant [H 2 O] as well as the amount of nitrate left in the different soil layers and across the whole soil profile from 0 to 40 cm as a proxy for N taken up. Kerbiriou et al. (2016) showed that genetic variation was best expressed under limiting conditions. Under optimal conditions, the highest dry matter production and NUE were achieved but no genetic variation was found for NUE. There were significant marker-trait associations identified across trials for below-ground and shoot traits but associations varied in number and position depending on the trial conditions (Kerbiriou et al. 2016; Fig. 5) . Nitrate left across the full soil profile of 40 cm and in each layer showed the most marker-trait associations across the environment (in numbers and in consistency across the profile and layers). Genotype × environment interactions (G × E) were strong stressing the importance of environmental factors for the expression of the traits included; moreover, for physiological mechanisms regulating shoot and root growth were largely impacted by environmental conditions and thus varied per trial. This shows a certain level of plasticity of the plants and makes it hard to generalize outcomes. Kerbiriou et al. (2014) pointed out that plasticity of below-ground traits in space and time might be more important than below-ground traits per se; traits that are expressed in one environment may impair the expression of other traits of importance in other environments. Moreover, observed phenotypic effects may be controlled by numerous quantitative trait loci, of which the individual expression greatly varies with environment. This need for a high level of plasticity in adaptation to the environment especially under low-input conditions among short-cycle crops is also confirmed by other authors, e.g., Hodge (2004) .
Cabbage
Cabbage has been shown to root to large depths (up to 2 m) and leaves little N behind after harvest resulting in high N recovery from the soil. Therefore, Thorup-Kristensen (2006a) suggested that for cabbage, most benefits can be expected from improving utilization efficiency. These utilization processes and the ratio between outer and inner leaves (head) and related processes differed for early, mid-early, and late cultivars (Schulte auf'm Erley et al. 2010). These authors showed in their experiments with eight cultivars that these genotypes differed in NUE but did not differ in N uptake under low N availability; the difference was mainly determined by the partitioning of dry matter to the heads (harvest index). Besides harvest index and the rate of leaf senescence and leaf loss, also N harvest index was correlated to NUE Kerbiriou et al. (2016) wrapping leaves. Late-maturing genotypes developed more leaves until heading than early cultivars, but leaf numbers increased between heading and maturity for some early genotypes and decreased for late genotypes. Especially among late cultivars under both high and low N, many leaves had senesced at harvest time contributing to a high harvest index and remobilization of both dry matter and N from the older leaves to the head. The mid-late cultivars under low N continued to form wrapping leaves resulting in less dry matter allocation to the head. The explanation for this was that early cultivars can suffer from low temperature and low N availability leading to few wrapping leaves at the start of head formation. This would imply that breeding should emphasize early vigor and tolerance to low temperatures to contribute to higher NUE (Schulte auf'm Erley et al. 2010).
Future research should explore the most ideal ratio between outer leaves and head (harvest index) in relation to NUE, and the extent to which leaf attitude and number of leaves play a role. In addition, it will be interesting to assess whether other selection criteria can be applied, e.g., leaf area index, specific leaf area index, nitrate reductase activity, and/or chlorophyll content or chlorophyll fluorescence.
Potato
The calculation of NUE parameters in potato is more complex than for other crops such as cereals due to the usual total decay of the above-ground biomass of the potato crop at harvest time (Swain et al. 2014) . Therefore, Ospina et al. (2014) and Tiemens-Hulscher et al. (2014) analyzed the perspectives to breed for NUE in potato by studying the total canopy development including parameters such as (i) time until maximum canopy cover, (ii) percentage of maximum canopy cover, (iii) period of maximum canopy cover, (iv) start senescence, (v) time to complete crop senescence, and (vi) area under the canopy cover progress curve.
The canopy development component traits were useful to understand the different responses to N and to identify relevant traits correlated with NUE. There was much variation for these component traits among a large set (189) of cultivars (Ospina et al. 2014) . High nitrogen prompted the increase in leaf area leading to a faster buildup of the canopy including a steeper increase in leaf area, an earlier time point to reach maximum soil coverage, a longer phase of maximum canopy cover, and delayed canopy senescence leading to a higher percentage of soil cover allowing a larger portion of the light to be intercepted (Fig. 6) . The area under the canopy cover progress curve, the percentage of maximum soil cover, and the period of maximum soil cover are the most important parameters. The area under the canopy cover progress curve can be measured quite accurately but is not easy to assess in the field, as it requires frequent observations; the maximum soil cover and the period of maximum soil cover (from start of maximum soil cover to start of senescence) can be relatively easily assessed in the field (Tiemens-Hulscher et al. 2014) . Selection can best be conducted under low N conditions (approximately 100-120 kg N/ha) as this allows a better expression of discriminative traits (Ospina et al. 2014; TiemensHulscher et al. 2014 ).
However, the main factor explaining NUE was maturity; see Fig. 6 . Yield and NUE increase from early-to latematuring cultivars (Zebarth et al. 2004; Ospina et al. 2014; Swain et al. 2014; Tiemens-Hulscher et al. 2014) . However, this is only valid if the growing season is long enough to allow a yield profit from the prolonged and larger canopy of the late maturity type. Under management with crop protection against late blight (Phytophthora infestans), the late varieties have a longer growing period and an extended period of maximum canopy cover and photosynthesis activity potentially leading to higher yields and higher NUEs (Ospina et al. 2014; Swain et al. 2014; Tiemens-Hulscher et al. 2014) .
As the canopy has decayed at harvest, the harvest index cannot be used as a measurement of maximum productivity of the canopy, but instead, the soil coverage yield index was used, i.e., the ratio of the area under the canopy cover progress curve and yield. Ospina Nieto (2016) showed that this trait had a QTL different from those related to yield or area under the canopy cover progress curve and that this QTL was also different from those detected for maturity.
Nitrogen use efficiency decreases with more N input. Selection could combine performance under low input and response to N fertilizer when growth conditions are more favorable. In Fig. 7 , the scatter points, reflecting the agronomic nitrogen use efficiency of a large set of cultivars grown at two different levels of nitrogen supply, plotted against the yield at low nitrogen supply, are divided into four quadrants by using the mean values of both variables as a crossing point for the two axes. Quadrant II shows the genotypes that perform well under low N and show a good response to N. The majority of the genotypes in this quadrant were late or intermediate. Under low N, early genotypes did not perform well and the response to extra nitrogen did not seem to be maturity dependent. On the other hand, genotypes with good yield under low N also tended to have a good yield under high N. Ospina et al. (2014) To analyze the genetic basis of the traits related to NUE, Ospina (2016) used the parameters describing the canopy development for a genome wide association study including some 200 cultivars, grown during two years and at two N levels. The majority of the marker-trait associations were year dependent, with only 166 associations (out of 950) detected in both years, reflecting a strong influence of environmental conditions. Overall, 20 traits (out of 24) showed associations that were present in both years of the experiments. More marker-trait associations were detected under high N than under low N (69 and 47, respectively). This QTL × N interaction indicated that limiting N conditions resulted in a change in the importance of the associated genomic regions and therefore in differences in genotypic response. About 30% of the associations were common to both N levels (50 out of 166). Most of these marker-trait associations common to both N levels were maturity related (88%).
Little is known about NUpE in potato. Zebarth et al. (2004) found under high N that there was larger genetic variation in N uptake capacity (plant N accumulated) than in NupE. To what extent root architecture plays a role in NUpE in potato has also not been extensively investigated. Swain et al. (2014) showed that there were significant differences in early N uptake among two cultivars but this was not reflected in soil samples in the upper 30 cm, so the authors suggested that there were differences in depth of rooting that could have caused the difference but this was not measured. Iwama (2008) concluded from various experiments that late cultivars had more root biomass than early cultivars, but also that there was genetic variation within maturity groups for root biomass.
Winter wheat
Much research has been conducted on defining traits related to NUE improvement in winter wheat, and many traits have been identified but underlying relationships have not always been fully understood (Hirel et al. 2011) . Foulkes et al. (2009) concluded in their extensive review that for both feed and bread wheat types, the following traits can be addressed to improve NUE in wheat with respect to NUpE: increased root length density at depth and a high capacity for N accumulation in the stem, potentially associated with a high maximum N-uptake rate. With respect to NUtE, these authors listed the following traits to be included as selection criteria: low leaf lamina N concentration, a more efficient post-anthesis remobilization of N from stems to grain, but less efficient remobilization of N from leaves to grain, both potentially associated with delayed senescence. Gaju et al. (2011) found that the timing of the onset of senescence explained 86% of the variation in NUtE under low N, but no significant correlation between onset of Ospina et al. (2014) senescence and NUtE nor with grain yield was detected under high N.
In Gaju et al. (2014) , these authors further investigated the relationships among N accumulation, N partitioning, and N remobilization in winter wheat and concluded that genetic variation in grain yield and grain N% under high N input conditions was mainly influenced by pre-anthesis N accumulation and to a less extent by post-anthesis N remobilization. At low N growing conditions, lamina N remobilization seemed to cause genetic variability in grain N% but not in grain yield (Gaju et al. 2014) .
With respect to cultivars grown for feed, Foulkes et al. (2009) indicated that reduced grain N concentration can be crucial to increase NUE whereas for bread-making cultivars, it is the opposite. For the latter, improving NUE is correlated with high capacities for uptake and assimilation of N, with high post-anthesis N remobilization efficiency and/or specific grain protein composition. Barraclough et al. (2010) confirmed this and concluded that grain yield, grain %N, total N uptake, and N harvest index are the most important variables to improve NUE in wheat.
Various authors have discussed the relative importance of NUpE and NUtE for wheat. Osman et al. (2012) argued that in order to increase grain N content in bread wheat, an increase in NUpE is more effective as increasing NUtE would decrease grain protein content. This last aspect was also noted by Barraclough et al. (2010) and Górny et al. (2011) : they found a negative correlation between grain-NUtE and grain %N. There are a few studies that analyzed the genetic variation in NUtE distinguishing between remobilization efficiency (N in grains taken up until anthesis divided by N present in plant biomass at anthesis) and translocation efficiency (N in grains absorbed after anthesis divided by total nitrogen absorbed after anthesis) (e.g., Kichey et al. 2007; Baresel et al. 2008) . From the latter studies, it was concluded that the genetic variation among European genotypes in both remobilization and translocation efficiency was limited. Gaju et al. (2011) found in their experiments with 16 winter wheat cultivars under various growing conditions that the variation in NUE under low N was mainly due to variation in NUtE rather than in NUpE, but at one site, it was the opposite under low N. Le Gouis et al. (2000) , however, referred to research outcomes that have shown genetic variation in winter wheat for NUpE and also for NUtE expressed as the ratio of grain yield to total plant N, and concluded that N uptake better accounted for the variation in grain yield than N utilization; under low input, all variation in NUE was explained by NUpE whereas under high input, it explained approximately two thirds of the variation in NUE. Also, Ortiz-Monasterio et al. (1997) found in trials in Mexico comparing tall versus semi-dwarf cultivars that with modern semi-dwarf cultivars, grain yield as well as NUE was improved including both NUpE and NUtE and that the relative importance of these two components was affected by the level of applied N. The improved NUE came from improved NUpE under low N whereas improved NUtE was the most important factor under high N. These trials also showed that modern semi-dwarf cultivars do not need more N than older cultivars but that, instead, modern cultivars are more responsive to N when available.
The harvest index is improved by semi-dwarf cultivars but also among semi-dwarf cultivars, genetic variation in total N uptake and grain-NUtE was found (Barraclough et al. 2010) . These authors showed that some short varieties were better capable of taking up N (up to 31-38 kg/ha more N than the worst) and that grain-NUtE was 24-42% better, depending on N rate; up to 77% of the variation in grain-NUtE was accounted for by yield. Of all significant interactions between genotype, year, and N rate, only "year × N rate" made an important contribution to the variation in grain-NUtE. Górny et al. (2011) investigated the inheritance of the components of NUE (NUpE, NUtE, NHI, grain dry weight produced per unit of N accumulated in grains) and concluded that the broad-sense heritabilities did not exceed the 60% for the NUE components (ranged rather between 20 and 40%) indicating moderate genetic variability and strong environmental influences. The G × N interactions on these NUE components were indeed often large. Górny et al. (2011) stressed that although the inheritance of NUE components under high N is higher and therefore seemingly more attractive, it is important to select under low N and to try to pyramid genes for various components taking advantage of additive effects to improve NUE and for better adaptation to low N.
To improve NUpE, it was found that cultivars with a larger root system resulted in higher N uptake and did not necessarily decrease grain yield (see, e.g., Ehdaie et al. 2010; Andresen et al. 2016) . Andresen et al. (2016) showed that among nine spring wheat cultivars in 2-m-deep tube rhizotrons, the total root biomass could differ almost twofold, and that also the spatial distribution of their root systems in the soil differed substantially. They specifically argued for improving root growth in the initial growth phase as not much volume is exploited at that phase.
Maize
During the past decades, agronomists have increased maize grain yield to a large extent by changing many management aspects, e.g., increasing fertilizer input and increasing plant density. In that context, breeders have very much focused on improving the responsiveness to nitrogen fertilization and increasing stress tolerance to higher plant-plant interactions in higher plant density stands. Breeders achieved such progress by selecting for maintenance of high storage capacity of NO 3 − in the leaves, leaf longevity (stay-green) during remobilization for good grain filling, and maintenance of individual-plant N uptake with extended reproductive-stage accumulation (Hirel et al. 2001; Tollenaar and Lee 2011; Ciampitti and Vyn 2011; Chen et al. 2016) .
Several authors found that leaf longevity is also a suitable and important trait to select for NUE cultivars for both low and high N (Bänziger and Lafitte 1997; Hirel et al. 2001; Coque and Gallais 2007) . Racjan and Tollenaar (1999) found that leaf longevity was correlated to a larger source/sink ratio during grain filling and stressed that the process of remobilization was more important than the level of N fertilization when cultivars were compared.
In a review on genetic variation for NUE in maize, Gallais and Coque (2005) concluded that the G × N was relatively low as a relatively high correlation was found between yield under high and low N if yield differences were not more than 35% between high and low N. However, the expression of the genetic variation was different under these conditions: under low N, both NUpE and NUtE were important, whereas under high N, mainly variation in NUpE played a role (Moll et al. 1982; Presterl et al. 2002; Gallais and Coque 2005) . Geiger (2009) concluded that the relative importance of NUpE or NUtE depended largely on the genetic background of cultivars and was maybe based on different physiological mechanisms. Gallais and Coque (2005) found that under low N, the G × N interaction was due to number of kernels which led to the recommendation to select for reduced kernel abortion in early stages of embryo development and also to the conclusion that remobilization played an important role under low N. Geiger (2009) found that genotypes with low grain protein performed well in NUtE and those with high grain protein level were good in NUpE. Similar findings were described by Uribelarrea et al. (2007) who found that selection for either high or low grain protein can lead to genotypes that are similar in overall NUE at maturity but are different in the underlying mechanisms: high protein strains had the highest values for N uptake efficiency and the low protein strains the lowest NupE. Geiger (2009) pointed out several stress indicators that can be associated with NUE such as anthesis-silking interval, leaf chlorophyll concentration, number of ears per plant, and also number of kernels per ear (as mentioned by Gallais and Coque 2005) .
There seems to be sufficient genetic variation available in European maize cultivars for improving NUE under low N (Coque and Gallais 2007) . Ciampitti and Vyn (2013) compared older maize cultivars (released before 1990) and more recent cultivars and concluded that with increasing yield over time, grain N concentration has decreased. They also concluded that for the modern cultivars, reproductive N contributed relatively more to grain N whereas for the older cultivars, reproductive and remobilized N contributed equally to grain N. The remobilized N was primarily associated with wholeplant N uptake (vegetative N), which was constant over time of breeding, although the proportion of the remobilized N itself seemed to be driven by the ear demand, whereas the reproductive N seemed to be influenced by complex plant regulation processes (source/sink). Finally, they found that over time, stover N concentration gains mirrored the grain N concentration as the plant N uptake increased at maturity for both the older and modern cultivars.
Oilseed rape
Oilseed rape is N demanding and is considered less N efficient than wheat. This is caused by a 50% lower harvest index, a higher concentration of N in the seed, and a higher N harvest index (seed N/total crop N) compared to wheat (Diepenbrock 2000; Dreccer et al. 2000) . Loss of N through leaf litter seems relevant and that is why some authors have included this trait in their research (Nyikako et al. 2014) . There is also loss of N through seed shattering and there appears to be genetic variation for that trait as well (Morgan et al. 1998) . Kessel et al. (2012) referred to several strategies described in literature for investigating traits related to NUE: high harvest index and N harvest index, physiological efficiency of absorbed N, or estimation of relative contribution of uptake and utilization efficiency to the total genetic variation in NUE. Wiesler et al. (2001) discussed two ideotypes for N efficient cultivars, (a) an improved traditional ideotype with vigorous growth and high N uptake until flowering and efficient N retranslocation into the seeds during reproductive growth and (b) an alternative ideotype with comparatively slow growth and N uptake rates until flowering which continue during reproductive growth, and concluded that the latter gave the best N efficiency. This is also confirmed by Schulte auf 'm Erley et al. (2007 'm Erley et al. ( , 2011 who found that NUE (grain yield at low N) was positively correlated with delayed leaf senescence which contributed to continued root activity and N uptake. These authors considered-besides delayed leaf senescence-also a high efficiency in N uptake until flowering (for high N accumulation in young leaves) as very important. Thus, selection should target genotypes with late senescence that reallocate N efficiently from leaves to stems and seeds. In that context, Schulte auf'm Erley et al. (2011) stressed that the duration of N uptake is also important especially under low N. In addition, Berry et al. (2010) pointed out more precisely that under low N, the amount of N taken up after flowering was the most critical phase of N uptake to determine the yield differences between the varieties. In contrast, under high N conditions, variation in utilization (of accumulated N) efficiency is not always more important than uptake efficiency and depends on the specific genetic material and environmental conditions (Schulte auf'm Erley et al. 2011; Nyikako et al. 2014) . Nyikako et al. (2014) found that harvest index and NUE at low and high N were correlated suggesting that selection of short genotypes could improve NUE. They also found a correlation between N in dropped leaves and N use efficiency and uptake efficiency at low N but not at high N. Schulte auf 'm Erley et al. (2011) also suggested that seed N concentration as proxy for N utilization efficiency could also be a promising candidate selection criterion especially under high N conditions.
Experiments comparing NUE of old and modern canola cultivars revealed that old cultivars did not provide interesting genetic resources for increased NUE; it is therefore recommended to use modern cultivars in breeding programs as they provide considerable genetic variation for this trait (see also Kessel et al. 2012 ). Balint and Rengel (2008) concluded that screening oilseed rape for NUE for breeding purposes would require assessment at maturity, as there was little consistency in NUE ranking between vegetative stage and maturity.
Discussion
In this paper, we reviewed different crop types (leafy and nonleafy vegetables, and grain-producing crops) and their traits involved in NUE. We will discuss whether the physiological differences among crop species with respect to crop duration, (re)allocation processes of N, and dry matter to harvestable products (leaves, heads, tubers, or grains) and growth types (maturity types) lead to different traits contributing to NUE, and whether there are general characteristics that can be taken into account, and to what extent do crop traits for NUE differ for different management strategies (high versus low N) impacting the choice of most appropriate selection environment for improving NUE. In Table 2 , a summary is given of all discussed traits that have been included and prioritized in literature for the selected crops to improve NUE through breeding.
9.1 Do physiological differences among crop species lead to different traits contributing to nitrogen use efficiency?
Nitrogen uptake efficiency
Research on below-ground traits is complicated and only recently gaining interest among breeders. It should be noted that literature on below-ground traits in the selected crops is limited and not all available research on below-ground traits directly relates such traits to NUE which is the focus of our paper.
Across all the analyzed crop species, research results stress the need to address NUpE as an important component to improve NUE with the exception of cabbage; see Table 2 . Cabbage has the ability to root quite deep and to deplete the soil to a large extent. This leads to the statement that the uptake of cabbage is already quite efficient (ThorupKristensen 2006a; Schulte auf'm Erley et al. 2010) ; however, research to date has only focused on a limited set of cultivars and to the best of our knowledge, no research has included a large set of genotypes to show whether there is variation that can be exploited in breeding to improve uptake efficiency in cabbage. Moreover, wheat can also root to the same depth as cabbage (2.0 m) and for wheat, much variation has been shown for N uptake and for root length densities at larger depth (beyond 1 m) (Ehdaie et al. 2010; Andresen et al. 2016) . Interestingly, Schulte auf 'm Erley et al. (2010) found that N uptake under high N showed more variation whereas under low N, no variation was found.
Specifically for all three grain crops, the duration of N uptake has proven to be important to maintain N uptake activity also during the reproductive phase of grain crops when normally, the root activity decreases, as relying on remobilization of leaf N is not sufficient especially not under low N (Wiesler et al. 2001; Gaju et al. 2011; Schulte auf'm Erley et al. 2011; Ciampitti and Vyn 2012; Gaju et al. 2014) .
For short-cycle crops such as lettuce, more emphasis is put on early root formation (as the period to take up N is short), although Andresen et al. (2016) also advocated early vigor and early root development in winter wheat to maximize N capture in a period during which N can easily leach to deeper layers (see also Han et al. 2015) . Specifically with respect to short-cycle crops, plasticity of root architecture has been discussed to be able to more rapidly respond to N stress conditions by extra root formation to capture the N available at depths beyond the soil layer between 0 and 20 cm where normally most lettuce and spinach roots have been formed (Schenk et al. 1991; Hodge 2004; Kerbiriou et al. 2014) ; long-cycle crops have more time to develop an extensive root system and require more root depth and root length densities at larger depth (Andresen et al. 2016 ). However, Trachsel et al. (2013) also discussed the importance of root plasticity in maize to be more adaptive under low-input conditions.
For various crops, research has shown genetic variation among cultivars within a crop species for various traits contributing to NUpE such as temporal and spatial root distribution (early root development, horizontal and vertical root growth) to be exploited in breeding programs (Trachsel et al. 2013; Andresen et al. 2016; Kerbiriou et al. 2016; Pestsova et al. 2016) . But research on below-ground traits is complex and shows large G × E interactions. Schulte auf 'm Erley et al. (2011) concluded in their research on NUE in oilseed rape that N uptake is the most important component for yield at all N levels but that mechanisms to achieve high N uptake could be manifold and future research should contribute to indicating which (combinations of) plant traits are most important and promising to include in plant breeding programs.
Research to improve the interaction with beneficial soil micro-organisms has not been the focus of this review as this science has only recently received strong attention in research and needs more exploration. However, genetic variation among cultivars for beneficial root-microbial relationships has been reported and can contribute to higher NUpE, for example in the case of onion in relation to mycorrhiza (Galván et al. 2011 ).
Nitrogen utilization efficiency
Literature indicates that NUtE is an important component to improve NUE in crops but there is much discussion on the relative importance of the manifold traits involved in NUtE and the variation in relative importance among crop species.
For grain crops, some specific vegetative traits such as leaf area, specific leaf area, and canopy development are not critical for NUE as they are for leafy (spinach, lettuce, cabbage) and non-leafy vegetables (potato); see Table 2 . On the other hand, leaf N remobilization is important for nearly all crops. Only for the very-short-cycle crops, such as spinach and lettuce, leaf N remobilization is not important as they are harvested before leaf senescence occurs. However, even in spinach surplus N is stored in vacuoles and can be utilized as source under N stress conditions but this is not the main factor for NUtE (Chan-Navarrete et al. 2014) . For long-cycle crops such as cereal crops, but also for cabbage and potato, leaf N remobilization is essential as (next to N uptake) leaf N is a source for the younger leaves and also for the organs that are not photosynthetically active such as the inner leaves of the cabbage head, or potato tubers and grain reproductive organs. Therefore, measuring N content of leaves and stems gives information on available source function. For leafy vegetables, N content of leaves is more related to quality and color of the harvested produce.
Leaf senescence is part of the N remobilization strategy of plants with a longer growth cycle. Research on the importance of delayed (complete) leaf senescence to maintain photosynthesis activity for head, tuber, or grain filling and to feed the roots with assimilates to maintain root uptake activity is abundant (Schulte auf 'm Erley et al. 2007; Foulkes et al. 2009; Ciampitti and Vyn 2012) . Also, in potato, a long period between maximum soil cover and canopy senescence has been identified as an important parameter for NUE (Ospina et al. 2014) . For a different reason, delayed leaf senescence can be of importance for spinach as it provides a wider harvest window for good quality of fresh produce especially under lowinput conditions.
The importance of the number and rate of leaf shedding seems typical for the brassica crops (cabbage and oilseed rape) (Schulte auf 'm Erley et al. 2010 'm Erley et al. , 2011 . In this context, it is also mentioned that a low N content of the dropped leaves means that much of the N taken up has been reused and this contributes to NUE (e.g., Nyikako et al. 2014 ). Similar to leaf loss, also, selecting for genotypes that allow less abortion of grains can contribute to a larger HI and NUtE (Morgan et al. 1998; Gallais and Coque 2005) .
Nitrogen uptake versus nitrogen utilization efficiency
The relative importance of NUpE versus NUtE has been discussed in many papers, especially in the research on grain crops resulting in contrasting results (Le Gouis et al. 2000) . Most research points out that under low N, NUpE is most important than under high N, but exceptions are also shown. Geiger (2009) argued that the relative importance of NUpE and NUtE for oilseed rape very much depends on the genetic base of genotypes related to different physiological mechanisms in response to N level. Górny et al. (2011) pointed to the negative correlation they found in winter wheat between NUtE or NUpE and % grain N and suggested that this might be related to the fact that most breeding programs are conducted under optimal N conditions and resulted in genotypes that not always perform well under low N input, and may have favored high-yielding genotypes with increased NUtE, but not those with a high NUpE. So there is a need to select for genotypes that are more efficient in N uptake and able to translocate larger amounts of N to grains without compromising on grain yield under limited N.
Authors stress that the need to always include both aspects of NUE (NUpE and NUtE) as these aspects interact constantly during crop growth and development not only among each other but also in relation to soil N availability (Gastal and Lemaire 2002; Han et al. 2015) . Wiesler et al. (2001) concluded from their research that for maize, high agronomic efficiency was achieved by combining high uptake and utilization efficiency but that for oilseed rape, the focus on high uptake efficiency also gave good results. Uribellarrea et al. (2007) , who found that maize genotypes with high protein content excelled in NUpE and low protein genotypes in NUtE, suggested that crossing genotypes with contrasting protein contents could provide genetic variation to improve both NUpE and NUtE irrespective of the N level in the target environment.
There are not many papers quantifying the benefits of improving NUE. Bänzinger and Lafitte (1997) combined in maize several correlated traits as well as yield as selection criterion and were able to improve NUE by 14%. Rathke et al. (2006) concluded from their research in winter oilseed rape production that by applying N-efficient management strategies, including choice of cultivar, form, and timing of N fertilization that are suitable for the prevailing growing conditions, a reduction up to 50% of fertilizer input could be achieved. Dresbøll and ThorupKristensen (2014) stressed that the effect of genotypes improved for NUE depends on the environment and the whole cropping system, and considered NUE as a resultant of G × E × M.
Do crop traits contributing to nitrogen use efficiency differ for different management strategies?
The sensitivity towards G × E interaction will also be complicated by different management strategies (G × E × M). Applying different types of fertilization management (e.g., low or high N input, organic or conventional fertilizers) will not only require different agronomic management strategies to improve NUE (Thorup- ) but is also expected to require different genetic traits for high NUE in crops (e.g., Chan-Navarrete et al. 2014).
All discussed papers on research on perspectives to breed for NUE have been conducted under both low-and high-input growing conditions as the scope was generally to identify genotypes and traits that contribute to improving NUE without compromising on yield under low input. There is general agreement across crops on the fact that NUE increases when N is reduced (see, e.g., Hawkesford 2017). Nevertheless, breeding research often explicitly searches for those genotypes that perform well under low N and at the same time can potentially show good responsiveness to high N availability (e.g., Ospina et al. 2014; Han et al. 2015) . There is a need to compare the performance of genotypes under various N levels as much research showed that those genotypes that perform well and are N efficient under high N, are not always the same that are showing the highest NUE under low input; good performers under low N can be missed when selected under high N (Gallais and Coque 2005; Górny et al. 2011; ChanNavarrete et al. 2014; Ospina et al. 2014) . Several researchers confirmed that there is clear indication that N fertilization levels have a critical influence on the N metabolisms and expression of gene actions governing N efficiency in wheat (Gallais and Coqie 2005; Górny et al. 2011) . The large G × N interaction is because genotypes respond differently to N stress compared to conditions with luxurious N availability due to the fact that under N stress plants have different physiological mechanisms at their disposal to adjust to low N conditions (Gallais and Coque 2005; Górny et al. 2011) . Many authors therefore recommend to select for NUE under the target environment for a high response to selection (e.g., Gallais and Coque 2005) . Besides, under low N, often, genetic variation is best expressed to better select for NUE (TiemensHulscher et al. 2014) .
Under organic management, not only the level of N is important but also the type of fertilizer affects the N dynamics in the soil (rate of release and availability of N for the plants). Organic sources of nitrogen (e.g., stable manure, compost) are often not abundant and nitrogen availability from organic resources is difficult to match precisely with the demand of the crop, especially under cold spring conditions as mineralization of N from organic fertilizers depends on soil micro-organism activity and soil temperature (Stockdale et al. 2002; Messmer et al. 2012) . The majority of organic farms in Western Europe apply between 100 and 200 kg N ha −1 per year in organic amendments. However, often, the N availability in the year of application is less than 100 kg N ha −1 which leads to yield reduction of N demanding crops such as potato and cabbage (Finckh et al. 2006; Tiemens-Hulscher et al. 2014) . Renaud et al. (2014) concluded from various trials comparing a set of 23 broccoli cultivars for their performance under conventional and organic conditions that overall the rankings of cultivars were similar (with exceptions) but that not all high-yielding genotypes were good performers with respect to yield stability across years and locations and were not very tolerant to N stress conditions, for example occurring in cold spring conditions. Organic crop management is not only characterized by specific ways of nitrogen husbandry but also by disease management; the latter can also affect the NUE of cultivars. Under organic growing conditions with no fungicides and an early infestation of late blight that destroys the canopy of non-resistant cultivars, early cultivars of potato showed a higher NUE than (mid-)late cultivars (Tiemens-Hulscher et al. 2014 ) whereas under conventional conditions with crop protection, late cultivars showed a higher NUE than early and mid-early-maturing genotypes (Ospina et al. 2014) . Kokare et al. (2017) showed for barley that selection for good adaptation to low-input organic farming conditions can be successfully conducted under conventional medium-input N fertilization levels rather than under high N levels under the condition that not only yield per se is considered as selection criterion but also yield stability and traits related to weed suppression as no herbicides are applied in organic farming systems (see also Dawson et al. 2008 ).
9.3 Do crops differ in their genetic variability and prospects to improve nitrogen use efficiency and related traits?
Most research papers for the analyzed crops indicated that there is sufficient genetic variation available among modern cultivars to select for and improve NUE components. Górny et al. (2011) concluded from their research with winter wheat that both old and modern wheat cultivars could serve as adequate initial donors of various efficiency components to combine them in segregating populations. Also, Dawson et al. (2011) , in search for strategies to improve yield of wheat under low-input, organic farming conditions, came to the conclusion that one can benefit from using modern, productive varieties to improve NUE. This seems plausible as breeding has successfully focused on increasing yield by increasing harvest index mainly in grain crops, often leading to higher NUE.
However, with respect to below-ground traits (such as root length density and root biomass), there are reasons to surmise that useful variation might have been lost in modern plant breeding using optimal N supply in selection fields. See, e.g., Siddique et al. (1990) for wheat, Johnson et al. (2000) for lettuce, and De Melo (2003) for onion. Hawkesford (2017) showed in his review on NUE in modern wheat that under low N, there is large variation in N uptake but little variation in yield, indicating that cultivars have little ability to convert the acquired N into yield. It is therefore expected that major improvements can be made in N acquisition and utilization when more diverse genotypes are screened to search for larger trait variation.
Our analysis showed that especially with the short-cycle crops, below-ground traits are very important but are more prone to G × E interactions than with long-cycle crops that have more time to compensate fluctuating growth conditions. It also showed that under field conditions, the impact of environmental variation was larger than that of the genotypic variation (Kerbiriou et al. 2016) . Therefore, recommendations to identify effective selection traits point in different directions. One option is to develop a controlled system for (early) selection such as a hydroponic system eliminating environmental variation affecting expression of traits related to NUE (ChanNavarrete et al. 2014) . However, the final selection always needs to be done under field conditions. Another option is to develop more in-depth analysis of the physiological mechanisms at root level allowing sustained shoot growth. An ecophysiological model can assist breeders in their selection process as it is capable of reducing the residual variance and improving the expression and evaluation of cultivar differences in relation to N uptake and use efficiency (Hirel et al. 2011; Kerbiriou et al. 2014; Gu et al. 2014 ). In addition, Han et al. (2015) stressed the relative importance of accurate phenotyping and experimental designs over genotyping for such complex traits as NUE.
Conclusions
From our analysis, we conclude that knowledge gained on improving NUE in one crop species cannot be easily transferred to another crop species. Short-cycle crops respond differently from long-cycle crops, and vegetative crops differ in their N management from grain-producing crops. Despite extensive research on NUE in large crops such as wheat, oilseed rape, and maize, many significant correlations between belowand above-ground traits and N levels are physiologically not yet well understood and call for more research including research on other factors influencing the uptake process such as root exudates, available rhizobium, or nitrate transport systems. The complexity of improving NUE requires integration of agronomy, breeding, and crop physiology to better understand the interactions of the NUE components and their related traits with various environmental conditions.
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